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Severe acute respiratory syndrome coronavirus (SCoV) 7a protein is one of the viral accessory proteins. In 
expressing cells, 7a protein exhibits a variety of biological activities, including induction of apoptosis, activa- 
tion of the mitogen-activated protein kinase signaling pathway, inhibition of host protein translation, and 
suppression of cell growth progression. Analysis of SCoV particles that were purified by either sucrose gradient 
equilibrium centrifugation or a virus capture assay, in which intact SCoV particles were specifically immu- 
noprecipitated by anti-S protein monoclonal antibody, demonstrated that 7a protein was associated with 
purified SCoV particles. Coexpression of 7a protein with SCoV S, M, N, and E proteins resulted in production 
of virus-like particles (VLPs) carrying 7a protein, while 7a protein was not released from cells expressing 7a 
protein alone. Although interaction between 7a protein and another SCoV accessory protein, 3a, has been 
reported, 3a protein was dispensable for assembly of 7a protein into VLPs. S protein was not required for the 
7a protein incorporation into VLPs, and yet 7a protein interacted with S protein in coexpressing cells. These 
data established that, in addition to 3a protein, 7a protein was a SCoV accessory protein identified as a SCoV 


structural protein. 


Human coronavirus infections typically cause only mild or 
moderate diseases (19, 43), so the revelation that the newly 
identified severe acute respiratory syndrome (SARS) corona- 
virus (SCoV) is the etiologic agent for the global outbreak of 
life-threatening SARS in the winter of 2002/2003 was surpris- 
ing (7, 17, 18, 34). Bats appear to be natural reservoirs of SCoV 
and SCoV-like viruses (20, 21). Specific mutations in the viral 
peplomer protein, S protein, allowed a SCoV-like virus to cross 
the species barrier and become a highly infectious human 
pathogen (22, 35). SCoV is an enveloped, positive-sense RNA 
virus with a spherical shape of approximately 100 nm in diam- 
eter. Like other coronaviruses, the SCoV membrane contains 
three viral proteins, S, M, and E. The ~30-kb SCoV genomic 
RNA is bound with N protein to form a nucleocapsid complex, 
which is surrounded by the viral membrane. The genome or- 
ganization of SCoV is also similar to that of other coronavi- 
ruses; the 5’ two-thirds of the genome encodes the gene 1 
proteins, whose primary functions are associated with viral 
RNA synthesis, and the 3’ one-third encodes all of the struc- 
tural proteins and accessory proteins, including 3a, 3b, 6, 7a, 
7b, 8a, 8b, and 9b (24, 36, 40). Expression of 3a, 6, and 7a 
proteins has been confirmed to occur in infected cells and 
patients (8, 10, 46, 48). SCoV 3a protein is a viral structural 
protein (15, 37) and is released from 3a-expressing cells and 
virus-infected cells in membranous structures (13). Although 
other coronaviruses also produce accessory proteins (19, 43), 
the amino acid sequences of all of the SCoV accessory proteins 
have no homology with those of any other known viral proteins 
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or nonviral proteins. Deletion of open reading frames 3a, 3b, 6, 
and 7a, either alone or in combination, does not affect the virus 
replication significantly in cell culture (45), demonstrating that 
these SCoV accessory proteins are not essential for virus rep- 
lication in cell culture. Past studies of other coronaviruses 
suggested that many of the accessory proteins are important 
for viral virulence in vivo (6, 32, 33, 41, 44). Likewise, SCoV 
accessory proteins may play roles in SCoV pathogenesis, but 
the biological functions of these SCoV-specific accessory pro- 
teins are largely unexplored. 

The 122-amino-acid (aa)-long SCoV 7a protein (also known 
as X4 protein or U122 protein) is a type I transmembrane 
protein consisting of a 15-aa signal peptide sequence at its N 
terminus, an 81-aa luminal domain, a 21-aa transmembrane 
domain, and a short C-terminal tail (30). The 7a gene is con- 
served in all SCoV strains isolated from humans and animals 
(21). The crystal structure of the luminal domain of the 7a 
protein has been resolved, revealing an unexpected topology 
similar to that of members of the immunoglobulin (Ig) super- 
family (30). There are controversies in the literature as to 
whether 7a protein is localized in the endoplasmic reticulum or 
Golgi compartment (8, 16, 30). Reported biological functions 
of 7a protein based on expression studies include induction of 
apoptosis in various cell lines through a caspase-dependent 
pathway (38), inhibition of cellular protein synthesis, activation 
of p38 mitogen-activated protein kinase (MAPK) (16), and 
suppression of cell cycle progression at the G,/G, phase (47); 
yet, it is still unclear whether 7a protein exerts these functions 
in infected cells. Nevertheless, these intriguing results collec- 
tively suggest that 7a protein is likely involved in virus-host 
interactions. 

To further understand the function and properties of SCoV 
7a protein, we examined whether 7a protein was a SCoV struc- 
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tural protein. Our data indicated that, in addition to the 3a 
protein, the 7a protein was a viral structural protein. We have 
also established a SCoV virus-like particle (VLP)-producing 
system by expressing SCoV proteins without using exogenous 
viruses and confirmed that the 7a protein was assembled into 
SCoV VLPs. 


MATERIALS AND METHODS 


Cells and virus. Human embryonic kidney 293T cells were maintained in 
Dulbecco’s modified Eagle’s essential medium supplemented with 10% fetal 
bovine serum, L-glutamine (2 mM), nonessential amino acids (0.1 mM), and 
kanamycin (100 g/ml). Human colon carcinoma epithelium Caco2 cells were 
maintained in minimum essential medium (Eagle) with 20% fetal bovine serum, 
L-glutamine (2 mM), nonessential amino acids (0.1 mM), and kanamycin (100 
pg/ml). Cells were incubated at 37°C in 5% CO3. The Urbani strain of SCoV was 
propagated in a biosafety level 3 laboratory as described previously (15, 27). 

Construction of plasmids and transient protein expression. Total intracellular 
RNA was extracted from SCoV-infected Vero E6 cells with TRIzol reagent 
(Invitrogen) according to the manufacturer’s protocol. SCoV S, M, N, E, 3a, 
and 7a genes were amplified from total RNA prepared from SCoV-infected 
cells by reverse transcription-PCR. The PCR products were cloned into a mam- 
malian expression vector, pCAGGS, resulting in pCAGGS-S, pCAGGS-M, 
pCAGGS-N, pCAGGS-E, pCAGGS-3a, and pCAGGS-7a, respectively. All of 
the plasmids were confirmed using sequence analysis. The 7a gene was also 
cloned into pcDNA-myc plasmid (Invitrogen) to generate pcDNA-7a-myc, in 
which a myc tag was attached to the C terminus of the 7a protein. Cultures of 
293T cells grown on 100-mm dishes were transfected with expression plasmids, as 
indicated in each experiment, by using TransIT-293 reagent (Mirus, Madison, 
WI) according to the manufacturer’s instructions. At 48 h posttransfection, 
culture media were collected by centrifugation at 1,500 x g for 10 min at 4°C. 
The media were further clarified by filtration through 0.45-j.m syringe filters and 
partially purified by centrifugation through 20% sucrose cushions at 26,000 rpm 
for 3 h in a Beckman SW28 rotor. Samples were resuspended in 1x sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer 
(62.5 mM Tris-HCl [pH 6.8], 2% SDS, 10% glycerol, 50 mM dithiothreitol). Cells 
were washed once with ice-cold phosphate-buffered saline (PBS). Total cell 
lysates were prepared by adding 1x SDS-PAGE loading buffer. All of the 
samples were incubated at 37°C for 30 min and subjected to Western blot 
analysis. 

Antibodies and Western blot analysis. Production of rabbit anti-SCoV 7a 
protein antibody and rabbit anti-SCoV 3a protein antibody was reported previ- 
ously (13, 15). Rabbit anti-SCoV S polyclonal antibody (IGM-541) was obtained 
from IMGENEX, San Diego, CA. Rabbit anti-SCoV M antibody (AP6008b) was 
purchased from Abgent, San Diego, CA. Mouse anti-SCoV N antiserum was 
provided by Xiao-Hua Li at The University of Texas Southwestern Medical 
Center at Dallas. Mouse anti-SCoV S protein monoclonal antibody (NR-617) 
was obtained through the NIH Biodefense and Emerging Infections Research 
Resources Repository, NIAID. Horseradish peroxidase (HRP)-conjugated goat 
anti-rabbit IgG, HRP-conjugated goat anti-mouse IgG, and HRP-conjugated 
donkey anti-goat IgG were purchased from Santa Cruz Biotechnology, CA. 
Protein samples were separated by SDS-PAGE and transferred onto polyvinyli- 
dene difluoride membranes (Bio-Rad) with a Trans-Blot SD semidry transfer 
apparatus (Bio-Rad). The membranes were blotted with primary antibodies 
diluted 1:1,000 in PBS containing 5% nonfat milk overnight at 4°C. Membranes 
were washed and incubated with secondary antibodies diluted 1:3,000 for 1 h at 
room temperature. The protein bands were visualized with ECL reagent (Amer- 
sham Biosciences) by following the manufacturer’s instructions. 

Ultracentrifugation of SCoV samples on continuous sucrose gradients. Su- 
pernatants from SCoV-infected Caco2 cells were inactivated by irradiation with 
2 x 10° rads from a Gammacell ®°Co source (model 109A; J. L. Shepherd and 
Associates, San Fernando, CA) as described previously (15). Inactivation of virus 
infectivity was confirmed by tissue culture assay. After centrifugation at 1,500 x g for 
10 min at 4°C, samples were further clarified by filtration through 0.45-4m 
syringe filters. The clarified samples were partially purified by centrifugation 
through 20% sucrose cushions at 26,000 rpm for 3 h in a Beckman SW28 rotor 
and resuspended in NTE buffer (100 mM NaCl, 10 mM Tris-HCI [pH 7.5], 1 mM 
EDTA). Then, the samples were applied onto a 20 to 60% continuous sucrose 
gradient and subjected to centrifugation at 26,000 rpm for 18 h in an SW28 rotor. 
Twelve fractions were collected from the bottom of the gradient and diluted in 
NTE buffer. The SCoV particles in the fractions were pelleted through a 20% 
sucrose cushion at 38,000 rpm for 2 h using a Beckman SW41 rotor. The pellets 
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were dissolved in 1x SDS-PAGE loading buffer and used for Western blot 
analysis. 

Generation and analysis of SCoV VLPs. Mixtures of plasmids containing 
pCAGGS-S, pCAGGS-M, pCAGGS-N, pCAGGS-E, pCAGGS-3a, or pCAGGS-7a 
in various combinations, as indicated in each experiment, were transfected into 
subconfluent 293T cells grown on 100-mm cell culture dishes. Culture media 
were harvested and analyzed using Western blotting as described above. In 
metabolic label experiments, the transfected cells were labeled with 100 wCi/ml 
Trans*°S-Label (MP Biomedicals, CA) from 42 h to 48 h after transfection. The 
culture media were collected, clarified as described above, and centrifuged at 
26,000 rpm for 3 h on a discontinuous sucrose gradient consisting of 60, 50, 30, 
and 20% sucrose by using an SW28 rotor. The VLP samples at the interface of 
30 and 50% sucrose were collected, diluted with NTE buffer, and further loaded 
on the top of a 20 to 60% continuous sucrose gradient. After 18 h of centrifu- 
gation at 26,000 rpm in an SW28 rotor, 10 fractions were collected from the 
bottom of the gradient and measured for sucrose densities. Samples were diluted 
and recovered by centrifugation through a 20% sucrose cushion in a Beckman 
SW41 rotor. The pellets were dissolved in 1x SDS-PAGE loading buffer, applied 
to a 10% SDS-PAGE gel, and analyzed using autoradiography. 

SCoV virus capture assay. A SCoV virus capture assay was performed as 
reported previously (13). Briefly, supernatants from SCoV-infected Caco2 cells 
or transfected cells were partially purified by centrifugation through a 20% 
sucrose cushion. The pellet was suspended in NTE buffer containing a protease 
inhibitor cocktail (Sigma) with bovine serum albumin (BSA) at a concentration 
of 0.3%. Samples were precleared by incubation with 40 jl of protein A/G 
Sepharose 4 Fast Flow beads (Amersham Biosciences) at 4°C for 1 h. Then, 
samples were collected and mixed with 5 wg of mouse anti-SCoV S protein 
monoclonal antibody (NR-617) or mouse anti-H2K*D* (H2K) monoclonal an- 
tibody (29). After incubation at 4°C overnight, 5 xg of goat anti-mouse IgG (Fey 
fragment specific; Jackson ImmunoResearch Laboratories, Inc., West Grove, 
PA) was added and incubated at 4°C for 3 h. Then, 40 wl of protein A/G 
Sepharose Fast Flow beads was added and incubated for another 3 h at 4°C. 
After centrifugation at 750 x g for 5 min, the supernatant was collected. The 
pellets were washed with NTE buffer five times. Finally, the collected superna- 
tant and the pellets were suspended in SDS-PAGE loading buffer and used for 
SDS-PAGE and Western blot analysis. 

Coimmunoprecipitation analysis. Subconfluent 293T cells were transfected 
with plasmids by means of TransIT-293 reagent. At 24 h posttransfection, cells 
were harvested and washed once with ice-cold PBS. Cell lysates were prepared 
in radioimmunoprecipitation assay lysis buffer (1% NP-40, 0.1% SDS, 0.5% 
sodium deoxycholate, and protease inhibitor cocktail in PBS) on ice for 30 min 
and briefly centrifuged using an Eppendorf microcentrifuge at maximum speed 
to remove cell debris. Supernatants were collected and precleared by incubation 
with 40 jl of protein A/G Sepharose Fast Flow beads for 1 h at 4°C. Then, 1 pg 
of rabbit anti-7a protein antibody, mouse anti-myc monoclonal antibody (9E10; 
Santa Cruz), or mouse anti-SCoV S protein monoclonal antibody (NR-617) was 
added, as indicated in each experiment, to precipitate the 7a protein, 7a-myc 
protein, or S protein at 4°C overnight. The samples were incubated further with 
40 wl of protein A/G Sepharose Fast Flow beads for an additional 3 h at 4°C. 
After centrifugation at 750 x g for 5 min, precipitated immune complexes were 
washed three times with lysis buffer and twice with PBS. Finally, the immuno- 
precipitated proteins were dissolved in 2X SDS-PAGE loading buffer and ana- 
lyzed via Western blot assay. 


RESULTS 


SCoV 7a protein is a SCoV structural protein. To test 
whether SCoV 7a protein was a viral structural protein, SCoV 
that was released from infected Caco2 cells was purified using 
a 20 to 60% sucrose gradient centrifugation. Twelve fractions 
were collected from the bottom of the gradient, and the pres- 
ence of SCoV proteins in each fraction was analyzed using 
Western blot analysis. Consistent with our past studies (13), 
the strongest S, N, and M protein signals were detected in 
fractions 5 (density, 1.20 g/ml) and 6 (density, 1.18 g/ml) (Fig. 
1), showing that the buoyant density of SCoV was between 1.18 
and 1.20 g/ml. Western blot analysis clearly demonstrated that 
the peak of SCoV 7a protein was also in fractions 5 and 6, 
suggesting that the 7a protein was a SCoV structural protein. 
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FIG. 1. Association of SCoV 7a protein with purified SCoV parti- 
cles. Supernatant from SCoV-infected Caco2 cells was clarified, and 
SCoV particles were pelleted down through a 20% sucrose cushion. 
The pellet was suspended in NTE buffer and purified by ultracentrif- 
ugation on a continuous 20 to 60% sucrose gradient. Twelve fractions 
were taken from the bottom. The purified viruses in each fraction were 
pelleted by centrifugation through a 20% sucrose cushion. Samples 
were dissolved in 1x SDS-PAGE loading buffer. Western blot analysis 
using anti-7a antibody (7a), anti-SCoV S protein antibody (S), anti- 
SCoV N protein antibody (N), and anti-SCoV M protein antibody 
(M) was performed to detect virion 7a, S, N, and M proteins, respec- 
tively. 


To further confirm the presence of 7a protein in SCoV 
particles, a virus capture assay using anti-SCoV S protein 
monoclonal antibody was conducted. This method allows pu- 
rification of intact SCoV from the culture media of virus- 
infected cells with high specificity and efficacy (13, 31). Partially 
purified SCoV was incubated with anti-SCoV S monoclonal 
antibody and subsequently captured using immunoprecipita- 
tion. Our results demonstrated that anti-SCoV S monoclonal 
antibody successfully precipitated intact SCoV particles carry- 
ing M, S, and 3a proteins (Fig. 2). SCoV 7a protein was also 
precipitated by anti-SCoV S monoclonal antibody. In contrast, 
an unrelated H2K monoclonal antibody failed to precipitate 
any of these viral proteins, exhibiting the specificity of the virus 
capture assay. The virus capture assay was quite effective for 
precipitating intact SCoV particles, as neither the 7a protein 
nor the M protein, the most abundant viral structural protein, 
was detected in the supernatant of the immunoprecipitated 
samples (data not shown). Because 7a protein was identified in 
the SCoV samples purified with two different purification 
methods, we concluded that 7a protein was a novel SCoV 
structural protein. 

SCoV 3a protein is dispensable for incorporation of 7a pro- 
tein into virions. A past study reporting the interaction be- 
tween expressed 3a and 7a proteins (39) led us to examine the 
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FIG. 2. SCoV capture assay. SCoV particles in clarified superna- 
tants from SCoV-infected Caco2 cells were pelleted down by centrif- 
ugation on a 20% sucrose cushion. The suspended pellets were immu- 
noprecipitated by a nonspecific mouse anti-H2K monoclonal antibody 
(a-H2K) or by a mouse anti-SCoV S monoclonal antibody (a-S) to 
capture virions. Immunoprecipitated virions were separated by SDS- 
PAGE and subsequently analyzed by Western blotting using rabbit 
anti-SCoV 7a antibody (7a), rabbit anti-SCoV M antibody (M), rabbit 
anti-SCoV S protein (S), and rabbit anti-3a protein (3a) to detect viral 
proteins in the captured virions. M+IgG (L) represents a mixture of a 
minute IgG light chain signal (see left lane) and a fast-migrating major 
M protein signal. 


possibility that SCoV 7a protein was incorporated into SCoV 
particles through an interaction between proteins 3a and 7a. 
To this end, we have established a SCoV VLP system, in which 
SCoV VLPs were produced from the cells coexpressing viral 
structural proteins. SCoV genes were cloned downstream of 
the chicken B-actin promoter in the pCAGGS mammalian 
expression plasmid for the expression of viral proteins. Sub- 
confluent 293T cells were cotransfected with pCAGGS-S, ex- 
pressing SCoV S protein, pCAGGS-M, expressing SCoV M 
protein, pCAGGS-N, expressing SCoV N protein, and 
pCAGGS-E, expressing SCoV E protein. All of these proteins 
are common coronavirus structural proteins. Cells were meta- 
bolically labeled with Tran[*°S] for 6 h from 42 to 48 h post- 
transfection. At 48 h posttransfection, culture media were col- 
lected and clarified. Released VLPs were partially purified 
through ultracentrifugation on a discontinuous sucrose gradi- 
ent for 3 h and subsequently on a continuous sucrose gradient 
overnight. Ten fractions were collected from the bottom, and 
the VLPs in each fraction were pelleted through 20% sucrose 
cushions. Samples were examined using SDS-PAGE and au- 
toradiography. SCoV VLPs containing S, M, and N proteins 
were detected, and most of them were found in fraction 6 
(sucrose density, 1.167 g/ml) (Fig. 3). We were unable to detect 
the E protein by separating SCoV VLP proteins in a higher 
concentration of a gel, suggesting a low abundance of E pro- 
tein in SCoV VLPs. 

The role of 3a protein in the assembly of 7a protein into 
SCoV particles was studied by examining incorporation of 7a 
protein into VLPs in the presence and absence of SCoV 3a 
protein. Subconfluent 293T cells were transfected with a mix- 
ture of pCAGGS-S, pCAGGS-M, pCAGGS-N, pCAGGS-E, 
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FIG. 3. Production and purification of SCoV VLPs. Cultures of 

293T cells were transfected with 14 wg of pCAGGS-S, 1.4 pg of 
pCAGGS-M, 2.8 pg of pCAGGS-N, and 9 pg of pCAGGS-E. The 
cells were labeled with Tran[**S] for 6 h from 42 to 48 h posttransfec- 
tion. The culture media were clarified, and VLPs were purified by 
centrifugation on a discontinuous sucrose gradient and on a subse- 
quent continuous sucrose gradient. Ten fractions were collected from 
the bottom of the gradient. VLP samples in each fraction were pelleted 
by centrifugation through 20% sucrose cushions. The pellets were 
dissolved in 1X SDS-PAGE loading buffer and analyzed using SDS- 
PAGE and autoradiography. 


and pCAGGS-7a, which expresses 7a protein, either with or 
without pCAGGS-3a, which expresses 3a protein. For VLPs 
without 3a protein, pCAGGS plasmid was used instead of 
pCAGGS-3a. At 48 h after transfection, released VLPs in the 
clarified culture media were pelleted by using ultracentrifuga- 
tion through a 20% sucrose cushion. Then, two SCoV VLP 
preparations, with or without 3a protein, were suspended in 
NTE buffer containing 0.3% of BSA and subjected to the virus 
capture assay with anti-SCoV S monoclonal antibody. As ex- 
pected, Western blot analysis of the captured SCoV VLPs 
indicated that both VLPs contained N, S, and M proteins (Fig. 
4). The captured VLPs from both preparations contained 7a 
protein. VLPs from the cells coexpressing 3a protein also con- 
tained 3a protein. Although the 7a protein levels in the VLPs 
from the 3a-expressing cells were slightly higher than levels 
from the cells not expressing 3a protein, the amounts of intra- 
cellular 7a protein were also similarly larger in the former (Fig. 
4). Two S protein signals were detected in the cell extracts, and 
we suspect that the fast-migrating signal represented an un- 
glycosylated form of S protein. The partially excised band 
above the N protein in the captured VLPs represented the 
50-kDa IgG heavy chain, which migrated closely to the 45-kDa 
N protein. These data demonstrated that the expressed 3a 
protein and 7a protein were incorporated into SCoV VLPs yet 
that expression of 3a protein was dispensable for incorporation 
of 7a protein into SCoV VLPs. Our data also indicated that the 
major viral structural proteins, i.e., S protein, M protein, N 
protein, and E protein, were sufficient for the assembly of 7a 
protein into virus particles, while other viral proteins, including 
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FIG. 4. Assembly of SCoV 7a protein into VLPs. Initially, 3 wg of 
pCAGGS-S, 3 pg of pCAGGS-M, 3 pg of pCAGGS-N, 0.5 pg of 
pCAGGS-E, and 2 wg of pCAGGS-7a with 1.5 wg of pCAGGS-3a 
(3a+) or 1.5 pg of pCAGGS empty plasmid (3a—) were transfected 
into subconfluent 293T cells. At 48 h posttransfection, media were 
harvested and clarified and the released VLPs were pelleted by cen- 
trifugation through a 20% sucrose cushion. Cell extracts were also 
prepared at 48 h posttransfection. SCoV VLPs were resuspended in 
NTE buffer containing 0.3% of BSA and immunoprecipitated with 
mouse anti-SCoV S monoclonal antibody. The captured SCoV VLPs 
(VLP) and cell lysates (Cell lysate) were analyzed using Western blot 
analysis with anti-7a antibody (7a), anti-S protein antibody (S), anti-M 
protein antibody (M), anti-N protein antibody (N), and anti-3a anti- 
body (3a). 


those proteins encoded by gene 1 and other SCoV accessory 
proteins, were not required for the assembly of 3a and 7a 
proteins into SCoV VLPs. 

Analysis of 7a protein assembly into SCoV VLPs. The SCoV 
VLP system was used to further characterize the role of SCoV 
viral proteins in incorporation of 7a protein into SCoV VLPs. 
Cultures of 293T cells were transfected with different combi- 
nations of plasmids, as shown in Fig. 5; pCAGGS plasmid was 
added to adjust the total amount of DNAs to the same level in 
all of the different samples. The released VLPs were recovered 
by ultracentrifugation through a 20% sucrose cushion and ex- 
amined on Western blots (Fig. 5). Consistent with our previous 
study (13), 7a protein was not released from 7a protein-ex- 
pressing cells. A low level of 7a protein was detected in the 
pellets of the culture media prepared from the cells cotrans- 
fected with pCAGGS-E and pCAGGS-7a, suggesting that co- 
expression of E protein and 7a protein resulted in the release 
of a low level of 7a protein into culture fluid. Because expres- 
sion of mouse hepatitis virus (MHV) E protein alone (23) or 
infectious bronchitis virus E protein alone (5) results in release 
of membrane vesicles containing E protein, the 7a protein 
might have been released into putative SCoV E protein mem- 
brane vesicles. A substantial increase in the amount of 7a 
protein in culture media was observed to occur when 7a pro- 
tein was coexpressed with E and M proteins (Fig. 5). Western 
blot analysis also revealed the presence of M protein in the 
same sample. Past studies of coronavirus assembly demon- 
strated that coexpression of M and E proteins results in VLP 
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FIG. 5. Release of SCoV 7a protein in the presence of other viral 
structural proteins. 7a protein was coexpressed with S protein, M 
protein, N protein, and E protein in different combinations, as indi- 
cated, in 293T cells. Plasmid quantities for this analysis were 1.5 wg of 
pCAGGS-S, 1.5 pg of pCAGGS-M, 1.5 wg of pCAGGS-N, 0.25 wg of 
pCAGGS-E, and 1 pg of pCAGGS-7a. Total DNA levels were ad- 
justed by adding pCAGGS. At 48 h after transfection, media were 
harvested, and released VLPs and/or membrane vesicles were pelleted 
through a 20% sucrose cushion. Media (Media) and cell lysates (Cell) 
were analyzed for N protein, M protein, and 7a protein by Western 
blotting. 


production and that S protein is dispensable for VLP produc- 
tion (42). Accordingly, our data suggested that VLPs contain- 
ing 7a protein were released from the cells expressing M, E, 
and 7a proteins. The amounts of 7a protein in the released 
VLPs did not change substantially when N and S proteins were 
coexpressed with M, E, and 7a proteins, although a tendency 
towards increased amounts of M protein in the presence of N 
protein was seen. In fact, when a reduced amount of pCcAGGS-M 
was used, cotransfection of pCAGGS-N with pCAGGS-M and 
pCAGGS-E substantially increased VLP production compared 
with cotransfection of the latter two plasmids only (unpublished 
data), suggesting that SCoV N protein expression somehow pro- 
moted SCoV VLP production. These data implied that 7a protein 
was assembled into VLPs containing M and E proteins. 

7a protein interacts with S protein. To understand the 
mechanism of 7a protein assembly into SCoV VLPs, we next 
used coimmunoprecipitation to determine if 7a protein inter- 
acts with M protein in cells expressing both proteins. We were 
unable, however, to demonstrate the expected interaction 
(data not shown). We also tested whether anti-7a antibody 
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FIG. 6. Interaction of SCoV 7a protein with S protein in coexpress- 
ing cells. Five micrograms of pCAGGS-7a plasmid and 5 yg of 
pCAGGS-S plasmid, either alone or in combination, as indicated (A), 
or 5 wg of pecDNA-7a-myc and 5 wg of pCAGGS-S, either alone or in 
combination, as indicated (B), were transfected into 293T cells. At 24h 
after transfection, cell lysates were prepared in radioimmunoprecipi- 
tation assay lysis buffer, and expressed proteins were immunoprecipi- 
tated with mouse anti-SCoV S monoclonal antibody (A) or anti-myc 
antibody (9E10) (B). Precipitated immune complexes were examined 
using Western blot analysis with rabbit anti-S antibody and anti-7a 
antibody, as indicated. Levels of 7a protein, 7a-myc protein, and S 
protein in cell lysates (Input) were also examined by Western blot 
assay. IP, immunoprecipitation; IB, immunoblotting. 


could coimmunoprecipitate E protein along with 7a protein in 
cells coexpressing 7a and E proteins. The anti-7a antibody 
pulled down the 7a protein successfully, but we failed to detect 
coimmunoprecipitated E protein (data not shown). A recipro- 
cal experiment using anti-E protein antibody was not per- 
formed, due to the lack of an antibody suitable for immuno- 
precipitation. 

We next tested whether 7a protein interacted with S protein. 
Subconfluent 293T cells were transfected with pCAGGS-7a 
alone, pCAGGS-S alone, or a mixture of pCAGGS-7a and 
pCAGGS-S. At 24 h posttransfection, clarified cell extracts 
were incubated with mouse anti-SCoV S monoclonal antibody. 
Western blot analysis of the precipitated immunocomplex 
demonstrated that anti-S antibody coimmunoprecipitated 7a 
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protein along with S protein (Fig. 6A). The anti-S antibody did 
not immunoprecipitate 7a protein from the extracts of 
pCAGGS-7a-transfected cells (Fig. 6A), indicating it did not 
cross-react with 7a protein. Western blot analysis of the cell 
extracts also showed that coexpression of 7a protein and S 
protein did not affect the accumulation of either protein. A 
complementary experiment, looking at whether anti-7a anti- 
body coimmunoprecipitated S protein, showed that anti-7a 
antibody did not coimmunoprecipitate the S protein from co- 
expressing cells (data not shown). To circumvent this problem, 
we coexpressed 7a-myc protein, in which a myc tag was at- 
tached at the C terminus of 7a protein, and S protein in 293T 
cells and performed the immunoprecipitation experiment us- 
ing anti-myc antibody (Fig. 6B). Anti-myc antibody coprecipi- 
tated S protein along with 7a-myc protein. Again, cotransfection 
of two plasmids did not affect the intracellular accumulation of S$ 
and 7a proteins. These data revealed the interaction of 7a protein 
with S protein in coexpressing cells. 


DISCUSSION 


The present study unambiguously demonstrated that SCoV 
7a protein was a SCoV structural protein by detecting SCoV 7a 
protein in purified SCoV both by a sucrose gradient purifica- 
tion method and by a SCoV capture assay using anti-S anti- 
body. To understand the mechanism of the assembly of 7a 
protein into SCoV, a SCoV VLP production system that used 
a eukaryotic expression vector for expression of viral structural 
proteins was developed. SCoV VLPs containing 7a protein 
were produced from cells coexpressing 7a, S, M, E, and N 
proteins. Although 3a protein and 7a protein have been shown 
to interact with each other in coexpressing cells (39) and 3a 
protein is a SCoV structural protein (15), 3a protein was not 
necessary for assembly of 7a into SCoV VLPs. Consistent with 
our previous study (13), 7a protein was not released into cul- 
ture fluid from the cells expressing 7a protein alone, while 
coexpression of 7a and E proteins resulted in the release of 7a 
protein into culture medium. SCoV 7a protein was released 
more efficiently from the cells coexpressing 7a, E, and M pro- 
teins, most probably as a form of SCoV VLPs containing M, E, 
and 7a protein. Coimmunoprecipitation analysis demonstrated 
that 7a protein interacted with SCoV S protein in coexpressing 
cells; however, the biological significance of this interaction is 
unclear. 

SCoV 3a protein was the first SCoV accessory protein iden- 
tified as a viral structural protein (15, 37). Here, we further 
determined that SCoV 7a protein was the second SCoV acces- 
sory protein identified as a viral structural protein. The struc- 
tural status of accessory proteins of other coronaviruses has 
not been studied extensively; only MHV I protein is known to 
be assembled into virus particles (9). The presence of two 
SCoV accessory proteins in the SCoV virion implies that some 
of the accessory proteins of other coronaviruses may also be 
viral structural proteins. In addition to being a structural pro- 
tein, SCoV 3a protein is released from SCoV-infected cells and 
3a-expressing cells in membranous structures (13). In contrast, 
the present study (Fig. 5) and our previous study (13) both 
demonstrated that 7a protein was not released from 7a-ex- 
pressing cells. Analysis of SCoV samples purified by equilib- 
rium ultracentrifugation on sucrose gradients showed that 
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most of the 7a protein was detected in the fractions containing 
abundant SCoV S, N, and M proteins (Fig. 1). Also, SCoV 7a 
protein was detected only in SCoV particles that were captured 
by anti-S antibody in the SCoV capture assay (Fig. 2) and not 
in the postimmunoprecipitation supernatant (data not shown). 
These data demonstrated that, unlike SCoV 3a protein, 7a 
protein was released only from SCoV-infected cells in associ- 
ation with virus particles. 

Coronavirus VLPs have been used to study the mechanisms 
of virus assembly (5, 23, 42). Most previous studies used exog- 
enous viruses to drive expression of viral proteins (2, 23, 28, 
42). Studies of SCoV using recombinant baculovirus expres- 
sion systems found that expression of SCoV M and E proteins 
was sufficient for VLP formation (11, 26). If S protein is ex- 
pressed with M and E proteins, VLPs showing typical corona- 
virus-like morphology and size are produced (11, 26). In addi- 
tion, SCoV VLP production by use of a recombinant vaccinia 
virus has been reported (12). Huang et al. demonstrated that 
the eukaryotic expression vector-mediated expression of SCoV 
M and N proteins results in accumulation of intracellular 
SCoV pseudoparticles (14). Although they did not show the 
release of pseudoparticles (or VLPs) from plasmid-transfected 
cells, their results were distinctly different from those of pre- 
vious studies that have demonstrated the importance of M and 
E proteins for efficient coronavirus VLP production (42). The 
difference in the methods of expressing viral protein might 
have led to the different results. Otherwise, the mechanism of 
SCoV assembly may be distinctly different from that known for 
other coronaviruses. The present study showed that coexpres- 
sion of SCoV S, M, E, and N proteins resulted in efficient 
production and release of SCoV VLPs (Fig. 3). Furthermore, 
our data suggested that coexpression of E, M, and 7a proteins 
resulted in efficient SCoV VLP production (Fig. 5). Our SCoV 
VLP system not only eliminated possible unwanted effects 
caused by exogenous viruses in the study of coronavirus assem- 
bly but also yielded VLP samples free of these exogenous 
viruses. Furthermore, these particles could serve as sources of 
viral antigens for diagnostic and immunization purposes as well 
as for detailed analyses of coronavirus structure that would not 
entail handling a highly pathogenic coronavirus (e.g., SCoV) in 
a biosafety level 3 laboratory. 

Release of 7a protein was detected from cells coexpressing 
7a and E proteins but not from cells expressing 7a protein 
alone (Fig. 5), suggesting that E protein induced the release of 
7a protein. MHV E protein is released in membrane vesicles 
from E protein-expressing cells and MHV-infected cells (23), 
and infectious bronchitis virus E protein is released from E 
protein-expressing cells (5); likewise, SCoV E protein may be 
released in membrane vesicles from E protein-expressing cells. 
If this is the case, coexpressed 7a protein might be included in 
the putative E protein-containing vesicles. Coexpression of 7a, 
E, and M proteins resulted in efficient release of 7a protein 
into culture media (Fig. 5). M protein was also detected in the 
culture media, and the possibility is very likely that SCoV VLPs 
containing M, E, and 7a proteins were released from the co- 
expressing cells. We suspect that E or M protein interacted 
with 7a protein to facilitate the assembly of 7a protein into 
VLPs; investigating possible 7a-E and/or 7a-M interactions is 
another topic of study. Although we showed that 7a protein 
interacted with S protein in coexpressing cells (Fig. 6), it ap- 
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pears that this interaction was not essential for the assembly of 
7a protein into virus particles (Fig. 5). 

To estimate the abundance of SCoV 3a and 7a proteins in 
SCoV particles, the gradient-purified SCoV particles were ap- 
plied to an SDS-PAGE gel, and the gel was stained with col- 
loidal Coomassie blue (Bio-Rad). In addition to major viral 
structural S, N, and M proteins, multiple bands, which proba- 
bly represented contaminated host proteins and/or partially 
degraded viral proteins, were detected (data not shown). These 
bands interfered with the positive identification of the 3a and 
7a proteins. Although Western blot analysis clearly showed the 
presence of 3a and 7a proteins in SCoV VLPs from the cells 
coexpressing S, M, E, N, 3a, and 7a proteins (Fig. 4), we were 
unable to demonstrate the presence of 3a and 7a proteins in 
the purified radiolabeled SCoV VLPs from the cells coexpress- 
ing the same proteins (data not shown), suggesting the pres- 
ence of low abundances of 3a and 7a proteins in SCoV VLPs. 

Although 7a protein is not essential for SCoV replication in 
cell culture (45), its assembly into SCoV implies the impor- 
tance of 7a protein in the viral replication circle; the presence 
of 7a protein in SCoV particles indicates that virion-associated 
7a protein may exert its function early in infection. The incom- 
ing 7a protein might alter the intracellular environment imme- 
diately after infection, by itself or by binding a putative cellular 
ligand(s), in a way that might be beneficial for virus replication. 
Previous studies demonstrated that expressed 7a protein af- 
fects host cells by inducing apoptosis (38), inhibiting transla- 
tion of cellular protein (16), activating p38 MAPK (16), and 
blocking cell cycle progression at G,/G, (47). In fact, activation 
of p38 MAPK occurs in both SCoV infection and MHV infec- 
tion (1, 25). In the case of MHV, activated p38 MAPK 
promotes virus replication through virus-induced translation 
initiation factor 4E activation (1). In MHV-infected cells, 
the cell cycle is arrested at the G,/G, phase, which may 
benefit MHV replication and MHV pathogenesis (4). In 
contrast, MHV replication is suppressed in the cells that 
undergo apoptosis (3). Accordingly, some of these reported 
functions of SCoV 7a protein from overexpression studies 
appear to be beneficial for SCoV replication, whereas some 
do not. Further studies using SCoV, its 7a gene deletion 
mutant (45), SCoV VLPs carrying 7a protein, and those 
lacking 7a protein will be useful to determine the biological 
functions of virion-associated 7a protein. 
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